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Abstract 
To improve understanding of gears operating with a perfluoro type space-qualified grease, seven  
spur gear experiments were performed. Test conditions were selected to study the influences of torque, 
lubricant type, and atmosphere. Two testing torques provided nominal pitch-line Hertz stresses greater 
and lesser than the contact stress limit as recommended by the grease manufacturer. As was expected, all 
tests resulted in some gear tooth wear. Discoloration of the perfluoro type grease occurred for all tests. 
Tests in dry nitrogen produced some dark-grey colored perfluoro type grease. Testing in either ambient or 
dry air produced red debris after short test duration, and for tests of longer duration large amounts of red 
debris, red grease, and wear were evident. Tests using higher torques produced more debris. The first 
indications of discoloration occurred more quickly with higher test torques. Total amounts of wear were 
quite significant, up to four times the profile tolerance for AGMA Class 10 gears. 
Introduction 
Perfluoro type greases are in use for many space applications including the rudder speed brake 
actuator gearboxes for space shuttle orbiters. Discussions in support of orbiter actuator gearbox 
maintenance have highlighted the need for data to better understand the behavior of mechanical 
components operated using a perfluoro type grease. To develop some needed data and understanding, 
seven spur gear experiments were completed. The purposes of the experiments were to: (1) develop a test 
protocol for testing of grease lubricated gears, and (2) to record and document observations to support 
decisions concerning the maintenance of actuator gearboxes.  
Test Rig  
The experiments were conducted using the NASA Glenn Research Center Spur Gear Fatigue Test 
Rigs. These test rigs have been used for more than 30 years to test oil lubricated spur gears, with 
emphasis on studying contact fatigue (spalling, pitting, and micropitting). The test rig as shown in 
Figure 1(a) uses the four-square (torque-regenerative) principle of applying test loads, and thus the motor 
needs to overcome only the frictional losses in the system. The test rig is belt driven using a variable 
speed electric motor with a belt and pulley system. A schematic of the loading apparatus is shown in 
Figure 1(b). Hydraulic oil pressure and leakage replacement flow is supplied to the load vanes through a 
shaft seal. As the oil pressure is increased on the load vanes located inside one of the slave gears, torque is 
applied to its shaft. This torque is transmitted through the test gears and back to the slave gears. In this 
way power is circulated, and the desired load and corresponding stress level on the test gear teeth may be 
obtained by adjusting the hydraulic pressure. 
Figure 1 depicts the spur gear rig as has been used for tests operated at 10,000 rpm for the purpose of 
evaluating the fatigue lives of oil lubricated gears. The test setup as used for the grease tests reported 
herein differed from the depiction of Figure 1 in two important ways. Figure 1 illustrates the test gears 
operating with faces offset. The face-offset condition is used to concentrate the Hertz contact stress as is 
desired for accelerated life testing of high cycle fatigue. For the grease lubricated gear testing, the gears 
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were operated with zero offset (full faces in contact with each other). Also, Figure 1 depicts pressurized 
labyrinth seals on the two shafts. For the grease testing reported herein, lip seals were used on the two 
shafts to prevent leakage of the slave gear lubricating oil to the grease lubricated test gear section. The lip 
seals have used with much success on these rigs to maintain zero-leakage even for speeds of 10,000 rpm. 
Testing reported herein was done at speeds no greater than 705 rpm. 
Test Gears and Lubricants 
The test gears used for these experiments were a set of spur gears made from case-carburized 
AISI 9310 steel. By chemical analysis, the proper alloy content was verified. The gear geometry is 
8 pitch, 20° pressure angle, 28 teeth, standard tooth proportion, a 3.5 in. pitch diameter, and AGMA 
class 11 tolerances. The measured tooth profiles are pure involutes (no designed tip relief), and the teeth 
have lead crowning of about 0.0005 in. height across the nominal 0.250 in. face width. The primary test 
lubricant used was from a single cartridge of grade 2 perfluoro type grease. One test was completed using 
a hydrocarbon-based grade 2 grease. One test was completed with no lubricant on the test gears.  
Test Procedures and Operating Conditions 
The test gears were cleaned prior to installation of the test rig. The cleaning procedure for all gears 
was ultrasonic cleaning using alcohol for 5 min. minimum, immediate blow dry with air, installation on 
the test rig, and application of the test grease. For tests three to six, the test gears were first subjected to a 
mild glass bead cleaning (cleaning equipment set to 20 psi supply pressure) just prior to ultrasonic 
cleaning in alcohol. 
Table 1 provides the operating conditions for the seven tests. Note, for example, that test one and test 
two made use of the same pair of gears. The “setup” column of Table 2 documents whether the gears 
were installed with etched serial numbers facing the back (A) or front (B) of the test rig. Each test began 
with new tooth surfaces (using both sides of the teeth). For the case of gears used for more than one test, 
the gears were cleaned using the ultrasonic cleaning procedure after the first and before the second test. 
Tests 1, 2, 6, and 7 were conducted with a cover attached, and ports were open to ambient air. Tests 3 
and 4 were conducted with a cover attached and a flow of dry nitrogen into the test chamber. Test 5 was 
conducted with a flow of dry air into the test chamber. Nitrogen and air flows were supplied by a central 
laboratory supply. The gas flowed through a desiccant before entering the chamber to ensure a dry 
atmosphere. The air supply was filtered using a new 45 µm rated filter element. The gas flow entered the 
test chamber by a tube directed at the gear teeth. Gas flow leaving the test chamber flowed through a 
beaker containing water, and the bubbling of the water in the beaker provided visual indication of positive 
gas flow for the duration of the test. The gas flowed for 30 min. minimum to purge the test chamber of 
ambient air and moisture before operating the gears. 
All testing was done at a constant load and speed for the duration of a particular test. However, 
speeds and loads varied from test to test (per Table 2) since test protocol and procedures were being 
developed as part of the testing objectives. Test speed and loads were selected to provide tribological 
conditions similar to the rudder speed brake actuator gearing, but further analysis is required to 
understand how closely these test conditions relate to actual actuator operation.  
Test Results and Observations 
Testing results will be presented in manner to facilitate understanding, and the order is not necessarily 
the chronological order of testing. Five gear tests were completed using perfluoro type grease, one test 
was completed using a hydrocarbon-based grease, and one test was completed using no lubricant. Two 
test conditions were adjusted to investigate effects of the operating condition: (1) the testing torque (a low 
torque level, and a high torque level) and (2) the atmosphere in the test chamber (ambient air, dry nitrogen 
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flow, or dry air flow). The maximum Hertz contact stress pressure on the gear teeth surfaces 
corresponding to the two test torques were estimated using a nominal 0.0005 in. lead crown and 
considering gears operating at the pitch-point position. Using this approximation as a load index, the 
lower test torque of 2 ft-lb resulted in a peak pitch-line Hertz stress index of about 90 ksi. The higher test 
torque of 5 ft-lb resulted in a peak pitch-line Hertz stress index of about 120 ksi. The manufacturer of the 
perfluoro type grease suggests limiting the use of this grease to applications having less than 100 ksi 
Hertz stress. 
The first grease test was conducted at 5 ft-lb of torque, ambient air, and a speed of 515 rpm. Red 
colored debris was present after 1 hr of operation. Figure 2 documents the appearance of the test hardware 
after 3 hr of operation. Significant wear was observed, and the grease and contact areas of the gears have 
a red color. The test was then run an additional 26 hr unattended. The total test duration in terms of shaft 
revolutions was 927,000. At the completion of the test, a significant amount of red “dust” covered the test 
chamber, shafts, and gear teeth sides (Fig. 3). The grease was discolored, including some red colored 
grease. It is not known at this time if the red grease samples contain red colored wear debris or if the red 
color also indicates some chemical breakdown of the grease. Grease samples were collected and stored 
for post-test evaluations. 
Profilometer inspections of a gear tooth made in the profile direction both before and after test 
number 1 revealed significant wear of the tooth surface (Fig. 4(a)). By overlaying the tooth traces to 
match-up the profiles in non-contacting areas and then subtracting the tested profile from the new profile, 
wear as a function of position along the tooth profile was determined (Fig. 4(b)). Maximum wear depths 
occurred in the dedendum (root region) below the pitch line, and wear depth amounts were on the order of 
50 µm (0.002 in.). The measured wear depth is quite significant, about four times the tolerance for the 
profile for an AGMA (American Gear Manufacturer’s Association) class 10 gear of this size.  
Profilometer inspections of gear teeth were also made in the lead direction (across the tooth face). 
Before testing, gear tooth surfaces were all of a crowned, convex shape in the lead direction (Fig. 5(a)). 
Measurements of mating gear teeth after testing revealed that the convex shape of the mating gear’s tooth 
tip region has worn a concave shape into the root region of the driving gear (Fig. 5(b)). It is also of 
significance that the worn surfaces are much rougher than the original ground gear surfaces. The 
increased roughness will promote higher wear rates and will tend to increase vibration. 
The second perfluoro type grease lubricated gear test was conducted at 2 ft-lb of torque (less torque 
than test number 1) and in ambient air. The test was run with shaft speed of 200 rpm. To provide a more 
complete evaluation of test progression, the testing was temporarily stopped after 15, 30, and 60 min. of 
cumulative testing time. When the test was stopped temporarily, the cover was removed for close 
inspections of the working tooth surfaces. Inspections after the 15 and 30 min. test durations revealed 
only the appearance of the expected contact patterns. No discolored debris or grease was observed. 
However, at the completion of 60 min. total test duration, the centers of contact patterns of the working 
surfaces of some teeth had some red colored areas. Most of the grease still had the original white color at 
that time. The test was then restarted and run for an addition 15 hr unattended. At completion of 194,000 
shaft revolutions, the test was stopped. A significant amount of red debris and red colored grease was 
present at the end of the test (Fig. 6).  
The two tests conducted using perfluoro type grease and ambient air environment suggests that wear 
debris is created rather quickly even for mild load conditions. It is probable that the red colored dust is 
oxidized wear debris that was introduced to the air. The colored grease might be due either to the oxidized 
wear debris becoming trapped in the grease, or due to a breakdown of the grease itself producing  
by-products, or due to both events. Post-test evaluations of collected grease samples should clarify the 
end-of-test condition. 
The third perfluoro type grease lubricated gear test was conducted to closely match the speed and 
torque of grease test number 2 (the test described above). However, for this test the chamber contained a 
dry nitrogen atmosphere. The “Test Procedure and Operating Conditions” section of this report describes 
the manner for introducing flows of dry gas. The test was not stopped for close inspections of the teeth to 
avoid introducing air and moisture into the test chamber. Neither red colored wear debris, nor red colored 
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grease was generated during this third test. The duration of the test was 18.5 hr and comprised 238,000 
shaft revolutions, somewhat longer than the equivalent test done in ambient air. The gear contact patterns 
reveal that, as expected, some wear occurred during this test number 3 (Fig. 7). Some grey grease streaks 
were observed on the tips of some of the gear teeth after completion of the tests. The composition of the 
grey streaks is not known at this time.  
The fourth perfluoro type grease lubricated gear test was conducted to closely match the speed and 
torque of grease test number 1. However, for this test the chamber contained a dry nitrogen atmosphere. 
The test torque was the higher of the two test torques (5 ft-lb). Once again, the test was not stopped for 
occasional close inspection of the teeth to avoid introducing air and moisture into the test chamber. The 
total test duration was 16 hr and comprised 205,000 shaft revolutions. At the end of the test there was a 
mixture of original white and dark-grey colored grease (Fig. 8). The grey colored grease tended to be 
collected in the roots of the driven gear and towards the tips of the driving gear, suggesting that the dark 
color is due to wear debris that has been pushed to the end of tooth contact. At this time, it is not known if 
the discoloration is only due to wear debris, chemical degradation of the grease, physical separation of oil 
and grease base, or some combination of these phenomena.  
The fifth perfluoro type grease lubricated gear test was conducted to closely match the speed and 
torque of grease test number 4 (the test just described in preceding text). The test torque was the higher of 
the two test torques (5 ft-lb). For this test the chamber contained a dry air atmosphere while for the 
previous test the chamber contained a dry nitrogen atmosphere. The “Test Procedure and Operating 
Conditions” section of this report describes the manner for introducing flows of dry gas. The test chamber 
cover was not removed for the duration of the test to avoid introducing moisture into the test atmosphere. 
The front cover of the test chamber was a clear plate that permitted observation of the gear teeth. The test 
was stopped temporarily after 2 hr of cumulative testing time, and red deposits were observed on the 
working surfaces of the teeth. After the completion of 16 hr (210,000 shaft revolutions) the gears had a 
significant amount of discolored grease including red deposits and red grease (Fig. 9). At this time, it is 
not known if the discoloration is only due to wear debris, chemical degradation of the grease, physical 
separation of oil and grease base, or some combination of these phenomena.  
To provide a baseline for comparison, one gear test was conducted using a hydrocarbon-based grease. 
The grease was grade 2 (selected to match the grade of the perfluoro type grease) and described as 
appropriate for wheel bearings. The test chamber atmosphere was ambient air, and the test load and speed 
were chosen to provide direct comparison to grease test number 2. A test duration of 1 hr was selected 
since red coloring within the tooth contact patterns was observed after 1 hr of testing with the perfluoro 
type grease. After the 1 hr test comprising 13,000 shaft revolutions, red deposits were found on all of the 
gear teeth contact areas (Fig. 10). Any differences in wear rates or composition of wear debris (as 
compared to operation with perfluoro type grease) will require further inspections and analysis. 
To provide another baseline for comparison, one gear test was conducted using no lubricant on the 
test gears. The atmosphere was ambient air. The running speed was somewhat higher than for the other 
testing. The test was conducted for 1 hr comprising 42,000 shaft revolutions. As was expected, wear of 
the teeth occurred, and red colored wear debris was present at the end of the test (Fig. 11). 
Summary 
Seven grease lubricated gear tests were completed using spur gears. Tests were done using two 
testing torque levels, with differing atmosphere (ambient air, dry nitrogen flow, dry air flow), and with 
differing lubricant types (perfluoro type grade 2 grease, hydrocarbon based grade 2 grease, no lubricant). 
The two testing torque levels (2 and 5 ft-lb) provided nominal pitch-line Hertz stresses somewhat above 
and somewhat below the limit for the grease as recommended by the manufacturer. Further post-test 
analysis is needed to determine the composition of discolored grease. Further analysis is also needed to 
quantify any differences in wear rates, wear debris characteristics, or grease breakdown phenomena 
owing to differing operating conditions. The following observations were made. 
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1. Some wear occurred, as expected, during all testing. 
2. Testing done using perfluoro type grease in ambient air produced red colored debris. Red debris 
was observed after 1 hr of testing at 2 ft-lb of torque and 200 rpm shaft speed (12,000 shaft 
revolutions). Large amounts of red debris were produced during tests of extended duration (30 hr). 
Profilometry traces reveal significant wear of the gear teeth. 
3. Testing done using perfluoro type grease in dry nitrogen and 2 ft-lb of torque did not produce any  
red colored debris or red colored grease even after extended test duration. Some dark-grey streaks 
of grease were found on the tips of some teeth. The composition of the grey streaks is not yet 
known. 
4. Testing done using perfluoro type grease in dry nitrogen and 5 ft-lb of torque produced some  
dark-grey colored grease. 
5. Testing done using perfluoro type grease in a dry air atmosphere produced red colored deposits. 
6. Testing done using a hydrocarbon-based grease in ambient air produced some red colored deposits 
and wear debris after short test duration. 
7. Testing done using no lubricant in ambient air produced some red colored deposits and debris after 
short test duration. 
 
 
 
 
 
 
TABLE 1.—TESTING CONDITIONS AND DOCUMENTATION. 
TEST GEAR SETUP LUBE TORQUE SPEED TOTAL SHAFT OPERATING GEARS 
PAIR  (FT-LB) (RPM) REVOLUTIONS EXPOSED TO
1 1 A PERFLUORO 5 515 927,000 AMBIENT AIR
2 1 B PERFLUORO 2 200 194,000 AMBIENT AIR
3 3 A PERFLUORO 2 214 238,000 DRY NITROGEN
4 4 A PERFLUORO 5 214 205,000 DRY NITROGEN
5 5 B PERFLUORO 5 219 210,000 DRY AIR
6 2 A NO LUBE 2 705 42,000 AMBIENT AIR
7 2 B HYROCARBON 2 214 13,000 AMBIENT AIR  
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Figure 1.—NASA Glenn Research Center gear fatigue test  
apparatus. (a) Cutaway view. (b) Schematic view. 
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Figure 2.—Condition of the test gears after 3 hr of operation for test number 1 
having test conditions of perfluoro type grease, 515 rpm shaft speed, 5 ft-lb 
torque, and ambient air atmosphere. 
 
 
 
Figure 3.—Condition of the test gears after 30 hr of operation for test 
number 1 having test conditions of perfluoro type grease, 515 rpm 
shaft speed, 5 ft-lb torque, and ambient air atmosphere. 
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Figure 4.—Analysis of profilometry traces of a gear tooth in the profile direction 
reveal significant wear during test number 1. (a) Profile traces of tooth number 1 
on gear 6-28-2A (the driving gear) at approximately the middle of the tooth face 
width measured before and after testing. (b) Wear depths determined as the 
difference of the new and worn profiles.
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Figure 5.—Profilometry traces of a gear teeth in the lead direction reveal that the 
original crowned geometry is significantly changed with increase of roughness due to 
wear during test number 1. (a) Typical measurements of gear teeth before running 
shows crowned lead geometry. (b) Measurements of mating teeth after running show 
that the crowned geometry of the mating gear’s tip region has been worn into the 
driving gear’s root region. 
. 
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Figure 6.—Condition of the driven gear after 15 hr of testing for test number 2 having 
test conditions of perfluoro type grease, 200 rpm shaft speed, 2 ft-lb torque, and 
ambient air atmosphere. A mixture of original white and red colored grease is evident 
along with wear patterns. 
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Figure 7.—Condition of the driven gear after 18.5 hr of testing for test number 3 having 
test conditions of perfluoro type grease, 214 rpm shaft speed, 2 ft-lb torque, and dry 
nitrogen atmosphere.  
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Figure 8.—Condition of the driven gear after 16 hr of testing for test number 4 having test 
conditions of perfluoro type grease, 214 rpm shaft speed, 5 ft-lb torque, and dry nitrogen 
atmosphere.  
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Figure 9.—Condition of the driven gear after 16 hr of testing for test number 5 
having test conditions of perfluoro type grease, 214 rpm shaft speed, 5 ft-lb 
torque, and dry air atmosphere.  
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Figure 10.—Condition of the driven gear after 1 hr of testing for test number 6 having test 
conditions of hydrocarbon-based grade 2 grease, 214 rpm shaft speed, 2 ft-lb torque, and 
ambient air atmosphere.  
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Figure 11.—Condition of the driven gear after 1 hr of testing for test number 7 having test 
conditions of no lubricant, 705 rpm shaft speed, 2 ft-lb torque, and ambient air atmosphere.  
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